Air−water−fiber flows are found in the pulp and paper industry in a variety of unit operations. Understanding the complex hydrodynamics found in such flows is beneficial to flotation deinking (i.e., a separation process found in paper recycling) and fiber bleaching. This paper experimentally investigates the effects of superficial gas velocity, fiber type, fiber length, and fiber weight percent on the gas flow regime and the overall and local gas holdup in a 32.1-cm-diameter semibatch bubble column. Experiments are performed using three different rayon fiber lengths (3, 6, and 12 mm) and three different cellulose (natural) fiber types over a range of superficial gas velocities (Ug ≤ 20 cm/s) and fiber weight percents (0 ≤ C≤ 1.8%). The local gas holdup is determined by pressure drop measurements at several axial locations spanning a height of 10 column diameters (H = 3.21 m), while the overall gas holdup is determined from the overall pressure drop. Results show local gas holdup maxima at two different axial locations, which suggest the existence of recirculation cells. The location of the upper local gas holdup maximum, and thus the size of the recirculation cells, depends on the fiber type. Air-water-fiber flows are found in the pulp and paper industry in a variety of unit operations. Understanding the complex hydrodynamics found in such flows is beneficial to flotation deinking (i.e., a separation process found in paper recycling) and fiber bleaching. This paper experimentally investigates the effects of superficial gas velocity, fiber type, fiber length, and fiber weight percent on the gas flow regime and the overall and local gas holdup in a 32.1-cm-diameter semibatch bubble column. Experiments are performed using three different rayon fiber lengths (3, 6, and 12 mm) and three different cellulose (natural) fiber types over a range of superficial gas velocities (U g e 20 cm/s) and fiber weight percents (0 e C e 1.8%). The local gas holdup is determined by pressure drop measurements at several axial locations spanning a height of 10 column diameters (H ) 3.21 m), while the overall gas holdup is determined from the overall pressure drop. Results show local gas holdup maxima at two different axial locations, which suggest the existence of recirculation cells. The location of the upper local gas holdup maximum, and thus the size of the recirculation cells, depends on the fiber type.
Introduction
Gas flows in fiber suspensions are found in the pulp and paper industry in a variety of unit operations, including flotation deinking (i.e., a separation process found in paper recycling) and fiber bleaching. Flotation deinking is a process in which hydrophobic ink particles are separated from recycled cellulose fiber by attaching to air bubbles as the bubbles travel toward the surface of a fiber slurry. The ink particles are then removed from the top of the slurry while the fibers remain in the system. 1 Fiber bleaching requires the fine mixing of an oxidizing gas and fiber slurry, which can be accomplished in a bubble column because bubble columns promote large interfacial areas for heat and mass transfer. 2 General bubble-column systems have been extensively researched, but the complex hydrodynamics of gas-liquid-fiber (GLF) bubble columns are far from being completely understood. 3, 4 Limited knowledge of the complex flow patterns and design parameters also hinder the scale-up of general bubble-column reactors. 5, 6 Gas holdup, defined as the volumetric gas fraction ( ), is a vital parameter in understanding the flow characteristics of a typical bubble column. Gas holdup has a significant impact on heat-and mass-transfer rates in any gas-liquid or gas-liquid-solid bubble-column application. Boyer et al. 7 suggest many different techniques, both invasive and noninvasive, for measuring gas holdup in multiphase systems.
GLF systems have a solid phase where individual particles have a large aspect ratio and the specific gravity is typically on the order of 1; these and other factors make GLF systems very complex. This complexity arises from the flexibility of the fibers that comprise the solid phase. Fibers tend to flocculate and form fiber networks that greatly affect gas flow patterns within the bubble column. Fiber networks, or flocs, can trap bubbles and prevent their rise to the surface of the slurry. Bubbles must either coalesce to gain the necessary buoyant force to break through the flocs or traverse around the flocs, both of which can lead to channeling, defined as discrete paths (channels) of gas. Channeling is detrimental to any industrial process where a uniform gas-phase distribution is desired. Channeling often results from fiber settling in the bottom of a fiber slurry, creating regions of locally high fiber mass fraction.
Flow-regime identification is also important for understanding the hydrodynamics of bubble columns. Three different flow regimes (homogeneous, transitional, and heterogeneous) are commonly found in bubble columns. The flow regimes can be visually identified if the medium is transparent. The flow regime can also be identified by observing the influence of the superficial gas velocity on the overall gas holdup within the column. 8 Rayon and cellulose fibers are considered as the fiber (solid) phase in this study to examine the effects of the superficial gas velocity, fiber type, fiber length, and fiber weight percent on the resultant gas flow regime and the overall and local gas holdup in a 32.1-cm-diameter semibatch bubble column. Gas holdup data are presented for six fiber types over a range of superficial gas velocities (U g e 20 cm/s) and fiber weight percent (0 e C e 1.8%).
Experimental Procedures
A schematic of the cylindrical bubble column used in this study is shown in Figure 1 49%. The gas flow rate is controlled by a gas regulator and measured by one of three mass flowmeters, each covering a different flow rate range up to a maximum of 1000 L/min. During an experiment, the gas flow rate measured by the mass flowmeters was observed to be very stable. Eleven flush-mounted pressure transducers are located on the side of the column. The first is located 15.2 cm from the bottom of the column, and the remaining 10 are separated axially by ∆h ) 30.5 cm, so the top pressure transducer is located 320 cm from the column base. Two T-type thermocouples are located in the column: one near the bottom pressure tap and one near the top pressure tap. The thermocouples protruded ∼3 cm into the column. The mass flowmeters, pressure transducers, and thermocouples are connected to a computer-controlled data acquisition system. All experiments in this study are conducted at atmospheric pressure and ambient temperature. The gas phase consists of filtered compressed air. Filtered tap water is used as the liquid phase. The fiber phase in the GLF system consists of rayon or cellulose fibers. Three different nominal fiber lengths of 20.6-µm-diameter rayon fiber (L ) 3, 6, and 12 mm) and three different types of cellulose fiber, including bleached hardwood chemical pulped fiber (hardwood), bleached softwood chemical pulped fiber (softwood), and bleached softwood chemithermomechanical pulped fiber (BCTMP), are used to form the fiber slurries. Table 1 summarizes the characteristics of the cellulose fiber types. The fiber weight percent is varied from 0 e C e 1.8% and superficial gas velocities are in the range U g e 20 cm/s. The column is operated in semibatch mode; hence, the superficial liquid velocity is zero.
The local gas holdup between any two successive pressure transducers is determined from where ∆P refers to the pressure difference between two successive pressure transducers and ∆h refers to the corresponding separation distance. The fiber volume fraction within the bubble column, Φ f , is determined from the known slurry volume and the fiber weight percent. The dry density of the fiber phase, F f , is assumed to be 1500 kg/m 3 for both rayon and cellulose fibers, and F l is the liquid density, assumed to be 1000 kg/m 3 . Rayon fibers may swell a little when immersed in water but not enough to alter the effective fiber density. Cellulose fibers swell more than rayon fibers and also have a hollow center, so the effective density of the fiber phase may be slightly lower than the dry fiber density. The overall gas holdup is calculated in a fashion similar to that in eq 1, with the exception that ∆P is the pressure difference between the top and bottom pressure transducers and ∆h is the corresponding separation distance. Note that, for the fiber weight percent range in this study,
The fiber weight percent, C, is calculated from the ratio of the fiber mass to the total slurry mass within the bubble column. The total slurry volume, V, within the bubble column for all of the experiments is fixed and corresponds to an initial slurry height of 10 column diameters (i.e., 321 cm). The dry fiber mass, M f , required for a specific fiber weight percent is determined by After the correct dry fiber mass is measured, the fiber slurry is prepared for evaluation within the column. Different preparation methods are used for the rayon and cellulose fibers. Significant amounts of foaming occurred during the initial rayon fiber testing. The foam was determined to be a result of a coating placed on the fiber surface during the manufacturing process. In 
all rayon results presented here, the fiber coating is washed off the surface. A concentrated slurry of rayon fiber is continually rinsed with tap water and periodically agitated until the surface tension of the water exiting the fiber slurry stabilizes to around 55-60 dyn/ cm. An electronic mixer with an attached propeller blade is used at low speeds to agitate the L ) 3 and 6 mm rayon fibers to enhance the washing process. Cellulose fibers are prepared in a different fashion. Dry lap cellulose pulp sheets are torn into small pieces and soaked for at least 12 h before being disintegrated in a Black Clawson laboratory hydrapulper.
Once the preparation process is completed, the desired fiber mass is added to a partially filled bubble column. Water is then added to the slurry to raise the slurry height to the level of 10 column diameters (H ) 321 cm). The gas flow rate is then turned up to a moderate flow rate, and the column is allowed to mix for approximately 10 min to ensure that the slurry is well mixed. Once the column is well mixed, the gas flow rate is reduced to the lowest value of interest to begin data collection. The column is allowed to operate for 5 min, not including the data collection time, between data points. Each data point consists of 4500 readings taken at a sampling frequency of 100 Hz and then is averaged for each transducer. After a data point is taken, the gas flow rate is increased sequentially.
The surface tension, pH, total dissolved solids, and electrical conductance properties of the water are measured before and after each data set. The total dissolved solids and electrical conductance readings are relatively similar before and after each data set. The pH drops from approximately 8.8 before operation to 7.7 after the test. These values are close to that of tap water and do not affect the gas holdup trends. The surface tension usually remains relatively constant between the samples taken before and after a test.
The repeatability of the data was tested by taking two or more data sets for at least two difference fiber mass fractions for all fiber types. Figure 2 shows the repeatability of three different sets of C ) 0.40% BCTMP cellulose fiber. The sudden increase in the overall gas holdup at U g ≈ 15 cm/s is due to the fiber slurry overcoming foam at the top of the slurry and entraining that foam back into the slurry, thus creating a higher gas holdup. This trend was repeated three times at the same superficial gas velocity. Foam was only observed in this study with BCTMP fiber, which was produced using sodium sulfite. Although the resulting pulp was washed and neutralized after beaching, it may still contain a small amount of lignosulfonates. Because lignosulfonate is water-soluble and a soap, it is believed that it was responsible for the foam that was produced with BCTMP fiber. All other trends showed similar repeatability.
The percent uncertainty in the superficial gas velocity is estimated to be approximately 1.5-6.0% of the reading. The absolute uncertainty in the gas holdup is estimated to be ∆ ≈ 0.005-0.01.
Results and Discussion
Overall Gas Holdup. As shown in Figure 3 , the fiber weight percent has a significant influence on the overall gas holdup in a hardwood cellulose slurry (similar results are obtained using other fiber types). When C e 0.40%, three different flow regimes are observed as the superficial gas velocity increases over the range 0 e U g e 20 cm/s. The homogeneous, or bubbly, regime is observed at the lower superficial gas velocities and is characterized by a uniform distribution of similarly sized bubbles that ascend the bubble column with minimal horizontal movement. Bubble coalescence does not occur within the homogeneous regime, and the gas Effect of the superficial gas velocity and fiber weight percent on the overall gas holdup for hardwood cellulose fiber.
holdup increases linearly with respect to the superficial gas velocity. The onset of the transitional regime is characterized by bubble-bubble interaction, the diversion of the bubbles from the nearly vertical motion, and eventual bubble coalescence. The gas holdup no longer increases linearly with respect to the superficial gas velocity, and the gas holdup versus superficial gas velocity curve within the transitional region has wellpronounced local maximum and minimum. The decrease in the gas holdup between the local maximum and minimum values is dominated by bubble coalescence, which leads to higher bubble rise velocities and smaller bubble retention times. The heterogeneous regime begins as the gas holdup curve starts to increase linearly with respect to the superficial gas velocity after reaching its local minimum value. The heterogeneous, or churnturbulent, regime is also characterized by highly turbulent flow. The three flow regimes described above are observed at the lower fiber weight percent for all fiber types used in this study. In all cases, the transitional regime becomes less pronounced as the fiber weight percent increases. Eventually, the flow becomes heterogeneous for all superficial gas velocities; i.e., the homogeneous and transition regimes cease to exist. Ruzicka et al. 9 characterized this typical flow pattern, with the absence of the homogeneous and transition regimes, as pure heterogeneous flow. The critical fiber weight percent where pure heterogeneous flow begins differs among the six fiber types. The flow becomes pure heterogeneous when C g 0.60% for L ) 3 and 6 mm rayon fibers and for the hardwood and BCTMP cellulose fibers. Pure heterogeneous flow occurs at C g 0.40% for the softwood cellulose fiber and at C g 0.25% for a L ) 12 mm rayon fiber.
As the fiber weight percent increases, a decrease in the gas holdup is observed and is typical for all fiber types used in this study. Reese et al. 4 attributed this trend to a larger bubble size, which is the result of an increased rate of coalescence. The larger bubble size leads to an increase in the bubble rise velocity of the corresponding bubbles. As the bubble rise velocity increases, the bubble retention time decreases. The influence of the fiber weight percent on the gas holdup is less significant when the flow becomes pure heterogeneous. Similar results at higher fiber weight percents have been observed by others. 1, 4, 10, 11 Channeling is also observed in the lower region of the bubble column at high fiber weight percents and low superficial gas velocities for all fiber types. Channeling is typically observed when the fiber weight percent is greater than 0.8%. Channel formation decreases as the superficial gas velocity increases and disappears once the superficial gas velocity is sufficiently high; this value increases as the fiber weight percent increases. Channel formation enhances bubble coalescence near the aeration plate because bubbles must gain a sufficient buoyant force to break through the fiber network. Hence, when channeling is observed, relatively large bubbles exist in the slurry even at low superficial gas velocities.
It has been shown 8, 10 that the Zuber-Findlay drift flux model 12 can be used to identify the homogeneous and heterogeneous flow transitions when three regimes are observed over a range of superficial gas velocities. The drift flux model can be described by where C 0 is a parameter that gauges the radial flow and gas holdup uniformity and U t describes the drift flux velocity. Zahradnik et al. 8 plotted U g / as a function of U g to determine the superficial gas velocity at which transition occurs, where changes in the slope signify a flow-regime transition. The first change in the slope of the U g / vs U g plot identifies a transition from the homogeneous to the transitional flow regime. The last change in the slope represents the transition from the transitional to the heterogeneous regime. Two different slopes appear in the transitional flow regime when a local maximum gas holdup is observed; the change in the slope in this region corresponds to the maximum gas holdup. For pure heterogeneous flow, the slope of the U g / vs U g plot is constant. Figure 4 shows a sample of the drift flux plot for L ) 3 mm rayon fiber at two different fiber weight percents. When C ) 0.10%, the locations of the regime changes are clearly identifiable by the changes in the slope of the drift flux plot; position 1 corresponds to the onset of the transitional regime, position 2 correlates to the maximum gas holdup location, and position 3 marks the end of the transitional regime and the onset of heterogeneous flow. When C ) 0.60%, the drift flux model indicates that the flow is heterogeneous over the entire superficial gas velocity range because the slope is constant (i.e., the flow is pure heterogeneous).
Using three different rayon fiber lengths in a D ) 15.2-cm-i.d. semibatch bubble column, Su and Heindel 10 determined the superficial gas velocity at which transitional flow is first observed; it decreases slightly with increasing fiber weight percent and drops to zero when C ≈ 0.60%. The results of this study show that the fiber weight percent had a negligible effect on the superficial gas velocity at which transitional flow is first observed, and transitional flow is first observed when U g ≈ 5 cm/s for all rayon fiber weight percents and lengths when three flow regimes are recorded. In cellulose fiber slurries, transitional flow is first observed in the range 4.5 e U g e 5 cm/s. Figure 5 shows the effect of the fiber type on the overall gas holdup. When three different flow regimes are observed, the various fiber types only influence the duration of the transitional flow regime and the magnitude of the gas holdup in the heterogeneous flow regime. Transitional flow begins at U g ≈ 5 cm/s for all 
fiber types except BCTMP, which enters the transitional regime at U g ≈ 4.5 cm/s. At C ) 0.10%, heterogeneous flow begins at U g ≈ 15 cm/s for the rayon fiber, U g ≈ 14 cm/s for the BCTMP cellulose fiber, and U g ≈ 11 cm/s for the softwood and hardwood cellulose fibers. The superficial gas velocity at which heterogeneous flow begins decreases slightly as the respective fiber weight percent increases until the flow becomes pure heterogeneous. The fiber type influences the magnitude of the overall gas holdup when the flow is pure heterogeneous, as shown in Figure 5 for C ) 1.00%. In general, the L ) 3 mm rayon fiber has the highest overall gas holdup and softwood cellulose has the lowest overall gas holdup. The overall gas holdup for the rayon fiber decreases with increasing fiber length, while BCTMP cellulose has the highest overall gas holdup for the cellulose fibers. Figure 6 shows the influence of the rayon fiber length on the overall gas holdup at U g ) 5 cm/s. In general, the overall gas holdup decreases with increasing rayon fiber length. Figure 5 shows that the fiber length has a greater influence on the overall gas holdup at lower fiber weight percents. Similar trends were observed by Su and Heindel 10 for D ) 15.2 cm and are included in Figure 5 for comparison.
Local Gas Holdup. The local gas holdup in this study is merely local in comparison to the overall gas holdup. The local gas holdup is not a true local value but is an average over a small axial distance. The local gas holdup is calculated over a smaller height difference instead of the difference between the top and bottom pressure transducers used to calculate the overall gas holdup.
The local gas holdup corresponding to the location of the pressure transducer i is defined as the average of the gas holdup obtained using pressure transducers i and i + 1 and that using pressure transducers i -1 and i. This definition displays the general local gas holdup trend within the column, dampening out variations in the local gas holdup caused by very small changes in the pressure difference. Therefore, local gas holdup values are defined at axial locations every 30.5 cm over the range 40 e H e 290 cm, where H is the height from the column bottom.
The local gas holdup trends observed in this study were not expected. Therefore, four pressure transducers were switched around, and all pressure transducers were recalibrated to be sure that the trends observed were actual representations of the flow patterns within the column. The pressure transducers were calibrated using several static water heights and the corresponding calculated pressure based on the water head at each particular pressure transducer. Similar trends were observed before and after pressure transducer relocation and recalibration. Hence, the trends observed are an actual representation of the flow patterns within the column.
The main observation of the local gas holdup is that it tends to have similar local maximum values at two different locations within the column, the first in the range H ) 130-160 cm and the second in the range H ) 220-250 cm. The specific location, however, depends on the fiber type. Figure 7 shows the location of the maximum local gas holdup values, which occur at H ≈ 130 and 220 cm for all softwood cellulose fiber weight percents and U g ) 10 cm/s.
The observance of a local gas holdup maximum at different axial locations suggests the existence of recir- Figure 5 . Effect of the fiber type on the overall gas holdup for C ) 0.10% and 1.00%. Figure 6 . Effect of the fiber length on the overall gas holdup for rayon fiber at Ug ) 5 cm/s. Figure 7 . Effect of the fiber weight percent on the local gas holdup for softwood cellulose fiber at Ug ) 10 cm/s. culation cells within the flow. Millies and Mewes 13, 14 and Grevskott et al. 15 identified recirculation cells to be on the order of 1 column diameter in size. For the current study, the bubble-column diameter was 32.1 cm and the local pressure transducers are separated by 30.5 cm; therefore, the size of the recirculation cell cannot be determined with such precision; recirculation cells on the order of 1 column diameter may exist within the flow, but they are not recorded with the current measurement system nor visually observed. For an airwater system, Millies and Mewes 13, 14 showed the existence of several consecutive recirculation cells for a 140-mm-diameter bubble column operating at 4.2 cm/s and the existence of a single recirculation cell for a 139-mmdiameter bubble column operating at 2.4 cm/s. Grevskott et al. 15 studied the movement of glass beads in an airwater system for 0.14-and 0.26-m-i.d. columns with static suspension heights of 0.99 and 1.34 m, respectively. Using their CARPT facility, they identified two recirculation cells, with the lower cell being on the order of 1 column diameter and the upper cell extending to the top of the column. Millies and Mewes 13, 14 and Grevskott et al. 15 determined that the gas holdup was maximized in the center of the recirculation cell.
Visual observation of the bubble column in the current study showed that the local gas holdup maximum actually occurred between two adjacent recirculation cells. Figure 7 therefore suggests that the size of a recirculation cell for the softwood cellulose is H c ≈ 90 cm, or approximately 3 column diameters. The fiber slurry flow was observed to be downward along the column wall for the entire column height; therefore, the slurry flow must be upward in the column center. The flow was also observed to be more horizontal around the regions of the column corresponding to the location of the local gas holdup maximum. The horizontal flow swirled about a fixed axial location such that it had an angular variation. Figure 8 depicts this flow observation at a single instant in time. This movement presumably retained small bubbles, leading to the higher gas holdup in this region.
As Figure 7 shows, the fiber weight percent has a negligible effect on the axial variation trend in the local gas holdup. The locations of the local gas holdup maximum are also consistent for all fiber weight percents. The decrease in the local gas holdup, at a fixed axial location, with increasing fiber weight percent is analogous to the decrease in the overall gas holdup with increasing fiber weight percent. This decrease is due to an increased rate of bubble coalescence as the fiber weight percent increases. Figure 9 shows that the shape of the local gas holdup profile in the axial direction is unaffected by the superficial gas velocity in the range 0 e U g e 20 cm/s. The same local gas holdup maximum is clearly identified for each superficial gas velocity. Figure 10 shows the influence of the fiber type on the local gas holdup variation, where there are small changes in the location of the local gas holdup maximum. The location of the lower local maximum (H ≈ 130 cm) is consistent among fiber types, but the location of the upper local maximum is higher for rayon fibers (H ≈ 250 cm) than for cellulose fibers (H ≈ 220 cm). This implies that the size of the recirculation cell is slightly larger for rayon fiber slurries.
The different upper column locations for the local gas holdup maximum for the different fiber types may be due to the difference in lengths between the rayon and cellulose fibers used in this study (see Table 1 ). Millies and Mewes 13, 14 state that recirculation cells develop from a disturbance. Because both rayon and cellulose fibers demonstrate recirculation cells, there exists a disturbance in both flows. The rayon fiber in this study is much longer than the cellulose fiber, which may enhance the fiber dampening effect and thus create a longer recirculation cell. Figure 10 also shows that there is a negligible effect of the fiber length on the local gas holdup profile in the axial direction. At another instant, the dashed arrows are followed. Hence, the horizontal flow rotates in a circular fashion at this axial location. Figure 9 . Effect of the superficial gas velocity on the local gas holdup for softwood cellulose fiber at C ) 0.40%.
Conclusion
The effects of the superficial gas velocity, fiber type, fiber length, and fiber weight percent on the corresponding gas flow regime and the overall and local gas holdup in a semibatch bubble column were examined in this study. Increasing the fiber weight percent decreased the overall and local gas holdup, and the influence became less significant as the fiber weight percent increased; this was very apparent when the flow became pure heterogeneous. When homogeneous, transitional, and heterogeneous flow were observed, fiber weight percent did not influence the superficial gas velocity at which transitional flow began and the transition occurred at U g ≈ 5 cm/s for all fiber types, fiber lengths, and fiber quantities. Fiber type only affected the range of superficial gas velocities that encompassed transitional flow, where the transitional region occurred over a smaller range of superficial gas velocities for cellulose fiber than for rayon fiber. Increasing the fiber length decreased the gas holdup for rayon fibers, and the influence of the fiber length on the gas holdup decreased as the fiber weight percent increased. The local gas holdup profile in the column axial direction revealed the existence of two local maximum values, which corresponded to regions between two recirculation cells within the flow. The location of the lower local gas holdup maximum value was constant for all conditions of this study. The location of the upper local gas holdup maximum was higher for rayon fibers than for cellulose fibers; thus, the size of the recirculation cells in rayon slurries was larger than that in cellulose slurries.
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